Disease characteristics

Name of the disease (synonyms)
Myotonia congenita, autosomal dominant (Thomsen disease; THD).
OMIM# of the disease
160800.
Name of the analysed genes or DNA/ chromosome segments
Skeletal muscle chloride channel-1 (CLCN1).
OMIM# of the gene(s)
118425.
Mutational spectrum
Myotonia congenita is a genetic disease of skeletal muscle membrane hyperexcitability caused by variants in CLCN1, leading to reduced conductance of the main skeletal muscle chloride channel (ClC-1) [1] . This disorder can be inherited in an autosomal dominant (Thomsen disease; sometimes associated with reduced penetrance) or recessive (Becker disease; OMIM 255700) fashion. Thomsen disease is rare and exhibits a high degree of genetic heterogeneity.
The following variant types in CLCN1 have been reported: missense, nonsense, long deletions/duplications, insertions/deletions (indels), combined indels, and splice site [2] . The majority of Thomsen disease variants are missense [3] and a hotspot has been reported in exon 8, which codes for a region of interaction between ClC-1 monomers [4] . Over 200 CLCN1 variants have been identified as affecting chloride channel function (dominant and recessive inheritance), and a regularly updated database exists (available at: http://chromium. lovd.nl/LOVD2/variants.php?select_db = CLCN1&action= view_unique).
Analytical methods
Sequencing of all 23 coding exons in CLCN1 by Sanger or massively paralleled sequencing methods is successful in identifying >95% of variants. Large deletions and duplications (<5% of cases) [5] can be assessed through the multiplex ligation-dependent probe amplification technique (MLPA) or other exon copy number detection methods.
Analytical validation
Putative variants identified through massively paralleled sequencing methods can be validated by Sanger sequencing, although this is not common practise in all diagnostic laboratories. Verification of a single exon duplication or deletion should occur via different methodology to eliminate the contribution of possible technique-specific artefacts and the complication of rare sequence variants affecting the efficacy of probe binding [6] .
Estimated frequency of the disease
(Incidence at birth ("birth prevalence") or population prevalence. If known to be variable between ethnic groups, please report):
Estimated at 1 in 100,000 people worldwide [7, 8] , with a higher frequency of 7.3 or 9.0 per 100,000 in Northern Finland and Northern Norway respectively (see below) [2, 9] . CLCN1 variants have been enriched in Northern Finland due to founder effects and geographical isolation [10] . There is a similarly elevated prevalence in Northern Norway, but with a greater degree of genotypic heterogeneity [9] . 
Diagnostic setting
Comment:
Myotonia is a prominent finding in numerous diseases, leading to diagnostic difficulty [11] . Paramyotonia congenita (OMIM 168300), potassium-aggravated myotonia (OMIM 608390) and myotonic dystrophy type 1 (OMIM 160900) and type 2 (OMIM 602668) should be considered when making a differential diagnosis. Thomsen disease can usually be distinguished from these other disorders based on the following: factors that aggravate or alleviate myotonia, such as repetitive small skeletal muscle contractions alleviating stiffness in Thomsen disease; [11, 12] absence of extramuscular symptoms such as early cataracts; and electromyography results following refined exercise testing [13] . Distinguishing between autosomal recessive and autosomal dominant myotonia congenita usually relies on a family history, as variants may be associated with both modes of inheritance. However a more severe presentation tends to occur from autosomal recessive variants [14] .
Presymptomatic testing of at risk individuals can be appropriate but does not offer an accurate prediction of disease phenotype (age of onset, severity, progression, etc). 
Test characteristics
Analytical sensitivity (proportion of positive tests if the genotype is present)
Close to 100%.
Analytical specificity (proportion of negative tests if the genotype is not present)
Clinical sensitivity (proportion of positive tests if the disease is present)
The clinical sensitivity can be dependent on variable factors such as age or family history. In such cases a general statement should be given, even if a quantification can only be made case by case. CLCN1 is the only gene associated with Thomsen disease, and so in most cases it is relatively straightforward to identify a causative variant if an accurate clinical diagnosis has been made. However, there are several disorders that can be mistaken for Thomsen disease (see 1.9). A multigene panel including CLCN1 can be considered for screening in ambiguous cases.
Clinical specificity (proportion of negative tests if the disease is not present)
The clinical specificity can be dependent on variable factors such as age or family history. In such cases a general statement should be given, even if a quantification can only be made case by case.
The clinical specificity is high. However some dominant variants can be associated with reduced penetrance (even if family members with the same variant have a severe phenotype), resulting in a positive genetic test when the disease phenotype is and will remain absent [15] .
Positive clinical predictive value (life time risk to develop the disease if the test is positive)
Several clinical variants of Thomsen diseases can arise from autosomal dominant CLCN1 variants. Fluctuating myotonia congenita [16] and myotonia levior [17] differ from Thomsen disease in their age of onset and associated symptomatology [15] . Considering all dominant chloride channelopathy variants as a whole, the positive clinical predictive value is still below 100% due to reduced penetrance.
Negative clinical predictive value (probability not to develop the disease if the test is negative)
Assume an increased risk based on family history for a nonaffected person. Allelic and locus heterogeneity may need to be considered.
Index case in that family had been tested: 100%. Index case in that family had not been tested: Close to 100%.
Clinical utility
3.1 (Differential) diagnostics: The tested person is clinically affected (To be answered if in 1.9 "A" was marked)
Can a diagnosis be made other than through a genetic test?
No. Alternative diagnostic methods can help guide genes causing non-dystrophic myotonias), however ident CLCN1 is considered the only definitive diagnosis of Thom Yes.
clinically. imaging . endoscopy. biochemistry. electrophysiology. other (please describe):
3.1.2 Describe the burden of alternative diagnostic methods to the patient Particular phenotypic characteristics of Thomsen disease are simple to test for, however mutational analysis is required to reach a definitive diagnosis. Thomsen disease usually onsets at a young age (infancy through childhood) with myotonia, which is delayed skeletal muscle relaxation. Myotonia often presents following contraction after a prolonged period of rest (e.g., arising from a chair/bed, or starting to walk or run) [15] and improves upon repeated skeletal muscle contraction, the so called "warm-up phenomenon" [15] . Conversely, in paramyotonia congenita the symptoms typically worsen with repeated skeletal muscle contraction [11] . Myotonia with (1) severe cold sensitivity, (2) obvious potassium sensitivity, or (3) pain are common in sodium channelopathies and less common in chloride channelopathies [15] . These clinical features can be useful in directing confirmatory genetic testing. Myotonia of the eyelids can be present in both chloride and sodium channelopathies [18] . Muscle hypertrophy resulting in an athletic appearance is a characteristic feature of some myotonias, presumably because individuals experience involuntary prolonged skeletal muscle contraction [15] .
Thomsen disease and other non-dystrophic myotonias are normally distinguished from myotonic dystrophy because of the absence of systemic features and permanent weakness in the former. However, in some instances, particularly in myotonic dystrophy 2, other systemic features can be absent, and skeletal muscle weakness can be subtle or absent. In this situation, a skeletal muscle biopsy would help in the differential diagnosis by showing dystrophic changes, and other specific histopathological features of each condition. Skeletal muscle biopsies of non-dystrophic myotonias typically appear normal, although an absence or reduction in type 2B fibres in some patient biopsies has been noted [19] .
Electrophysiological exercise tests can also aid in diagnosis, but results are not always conclusive in channelopathies [13] . An electromyography (EMG) would be useful to confirm the presence of electrical myotonia in patients with mild symptoms for whom the examination fails to demonstrate it. A needle EMG, and more so skeletal muscle biopsy collection, could be regarded invasive procedures and therefore their usefulness in facilitating a molecular diagnosis needs to be considered.
How is the cost effectiveness of alternative diagnostic methods to be judged?
Genetic testing is required for a definitive diagnosis, so any alternative diagnostic method would be additional in cost.
However, if a method of screening multiple genes at once is not available (e.g., a multi-gene panel, or whole exome sequencing), then results from complementary diagnostic tests may help direct molecular screening to the CLCN1 gene and thus could be cost and time effective depending on price.
Will disease management be influenced by the result of a genetic test?
No.
Yes.
Therapy (please describe)
Thomsen disease is only pharmacologically treated in severe cases and no genetic treatments exist. Therefore the result of a genetic test is not essential for current treatment options. Mexiletine (antiarrhythmic agent) is the bestdocumented treatment option for nondystrophic myotonia [15] . However, the only largescale, placebo-controlled clinical trial reporting its benefits did not differentiate between chloride and sodium channelopathies [20] . Other medications such as sodium channel blockers, antiepileptic agents, antidepressants, diuretics and taurine have not been supported by sufficient high quality clinical trials to asses efficacy or safety [15, 21] . There are, however, anecdotal reports of significant benefit from the above therapies [15] . Other novel therapies for dystrophic [22, 23] and nondystrophic [24] myotonias are at various stages of development. As some experimental therapies have a genetic basis, a genetic diagnosis may become an essential precursor to treatment in the future. The management of all myotonias consists of symptomatic treatment as well as physical therapy [15] .
3.2 Predictive setting: the tested person is clinically unaffected but carries an increased risk based on family history (To be answered if in 1.9 "B" was marked)
Will the result of a genetic test influence lifestyle and prevention?
If the test result is positive (please describe)
No preventative options are available. Thomsen disease is usually associated with a mild phenotype and thus has a relatively minimal effect on lifestyle [15] . General anaesthetic agents should be used with caution, with particular care taken in administration of depolarising muscle relaxants such as suxamethonium [25] .
If the test result is negative (please describe) No.
Which options in view of lifestyle and prevention does a person at-risk have if no genetic test has been done (please describe)?
As per 3.2.1, no preventative options are available so genetic testing does not influence this aspect. General anaesthetic agents should also be used with caution in atrisk individuals whose molecular diagnosis remains ambiguous.
Genetic risk assessment in family members of a diseased person
(To be answered if in 1.9 "C" was marked) Yes. However, predictive testing is not useful in predicting the age of onset, severity or progression of disease.
Prenatal diagnosis
(To be answered if in 1.9 "D" was marked)
3.4.1 Does a positive genetic test result in the index patient enable a prenatal diagnosis?
Yes, although prenatal testing in CLCN1 is uncommon. There may be some discrepancy among medical professionals and families regarding the use of prenatal testing with the intention of pregnancy termination due to the relatively mild disease phenotype and good prognosis. While most centres consider the option of prenatal testing a decision to be made by the family, it is appropriate that this issue be discussed during genetic counselling.
If applicable, further consequences of testing
Please assume that the result of a genetic test has no immediate medical consequences. Is there any evidence that a genetic test is nevertheless useful for the patient or his/her relatives? (Please describe) An accurate genetic diagnosis often has a positive psychological effect on patients and their family, alleviating the anxiety associated with misunderstanding one's symptoms, or the symptoms of a family member. Genetic testing may play a more direct role in the future with the development of targeted myotonic therapies [22] [23] [24] 27] .
